BACKGROUND: Previously, we found that genistein at low concentrations stimulates the growth of human uterine leiomyoma (LM) cells, but not uterine smooth muscle (myometrial) cells (SMC). The aim of this study was to understand the molecular mechanism whereby genistein causes hyperproliferation of LM cells. METHODS: The effects of genistein at 1 mg/ml on LM cells and SMC were evaluated using estrogen response element gene reporter, real-time RT -PCR, western blot, immunoprecipitation and cell proliferation assays. RESULTS: Elevated estrogen receptor (ER) transactivation, increased mRNA expression of early estrogen-responsive genes, progesterone receptor and insulin-like growth factor-I (IGF-I), and decreased protein levels of ER-alpha (ERa) were found in genisteintreated LM cells, but not SMC. Additionally, extracellular regulated kinase (ERK), Src homology/collagen (Shc) and ERa were transiently activated, and interactions between ERa and IGF-I receptor (IGF-IR) were rapidly induced by genistein in LM cells. Using ER antagonist ICI 182,780 and MAPK/ERK kinase (MEK) inhibitor PD98059, we found that these early events were inhibited and the proliferative effect of genistein on LM cells was abrogated. CONCLUSIONS: ERa is involved in the transient activation of ERK/mitogen activated protein kinase (MAPK) by genistein via its early association with IGF-IR, leading to hyper-responsiveness of LM cells and confirming that ER signaling is enhanced by activation of ERK/MAPK in LM cells.
Introduction
Uterine leiomyomas (LMs) (fibroids or myomas) are the most common tumors originating in the smooth muscle wall of the uterus and the major cause of hysterectomy in women of reproductive age (Newbold et al., 2000; Maruo et al., 2004; Walker and Stewart, 2005; Bukulmez and Doody, 2006; Marsh and Bulun, 2006; Payson et al., 2006) . Although it has been established that uterine LMs are steroid-dependent and that sensitivity/responsiveness is enhanced in both rodent and human tumors and tumor-derived cell lines in response to estrogen or growth factors (van der Ven et al., 1994; Strawn et al., 1995; Walker, 2002; Maruo et al., 2004; Marsh and Bulun, 2006) , the potential role of environmental estrogens in the etiology of LMs has only recently been explored in experimental animal models (Newbold, 1995; Hunter et al., 1999; Hodges et al., 2000; Newbold et al., 2002) .
Studies have shown that rodents treated neonatally with environmental estrogens, such as natural plant compounds (phytoestrogens) and industrial byproducts (industrial estrogens), have an increased incidence of uterine LMs and uterine adenocarcinoma later in life (Hodges et al., 2001; Newbold, 2004; Newbold et al., 2001a Newbold et al., ,b, 2002 . Direct evidence for a role of environmental estrogens in the pathogenesis of LMs is limited. However, enhanced sensitivity of uterine LMs to environmental estrogens is suggested to be modulated via the estrogen receptor (ER) in both in vivo and in vitro rodent studies Newbold et al., 2002) .
The phytoestrogen genistein, an estrogenic soy-derived compound belonging to the isoflavone class, is commonly consumed in the diet. Since it was reported that plasma concentrations of genistein can reach 4 mM (%1 mg/ml) in Japanese consuming a soy-rich diet (Adlercreutz et al., 1993) , there is much concern as to whether this compound has beneficial and/or adverse physiologic effects. In vivo studies have shown that developmental exposure to genistein at environmentally relevant concentrations (1 or 10 mg/pup/day) alters murine reproductive differentiation, resulting in abnormal ovarian development and uterine neoplasia later in life (Newbold et al., 2001a,b; Jefferson et al., 2006) . At cellular and molecular levels, genistein at concentrations 1 mM (0.27 mg/ml) stimulates the growth of human breast cancer cells (Wang et al., 1996; Hsieh et al., 1998; Chen and Wong, 2004) . Similar effects of genistein ( 1 mg/ml) have also been observed in human uterine LM cells in our laboratory; whereas this proliferative effect was not observed in normal human uterine smooth muscle cells (SMC) (Moore et al., 2007) . It has been reported that LM primary cultures have elevated transcriptional activity in response to 17b-estradiol (E 2 ) compared with autologous myometrial cultures (Andersen et al., 1995) . Although cytokines and growth factors are thought to foster LM growth by autocrine -paracrine mechanisms (Giudice et al., 1993; Strawn et al., 1995; Dixon et al., 2000; Sozen and Arici, 2006) , the molecular mechanisms of the hyper-responsiveness of LM cells to estrogens are not fully understood.
Generally, it is accepted that estrogen exerts its effects in estrogen-responsive tissues by binding to ER and modulating the transcription of target genes including growth factors (Curtis et al., 1996) . Nevertheless, genomic effects of estrogen which are attributable to transcriptional activation following ligand receptor binding can be supplemented or augmented by cytoplasmic signaling pathways , such as the mitogen activated protein kinase (MAPK) pathway transducted from growth factor receptors or plasma membrane localized ERs (Kato et al., 1995; Segars and Driggers, 2002; Levin, 2005) . Therefore, estrogen signaling might be coupled to growth factor signaling through feedback mechanisms in which the regulation of growth factors by estrogen could be enhanced by the activation of growth factor receptors. Insulin-like growth factor-I (IGF-I) receptor is one of the growth factors receptors, which is highly expressed in human uterine LM tissues compared to their normal counterparts (van der Ven et al., 1994; Dixon et al., 2000) . IGF-I has been reported to play an important role in the growth of human uterine LM (van der Ven et al., 1994; Strawn et al., 1995; Englund et al., 2000; Gao et al., 2001) . Cross-talk between ERa and IGF-I has been demonstrated in murine uterus in response to genistein (Klotz et al., 2000; Hewitt et al., 2005) . However, no study has investigated the direct associations between ER and IGF-IR signaling pathways in human uterine LM.
In the present study, we investigate the role(s) of ERa, IGF-IR and extracellular regulated kinase (ERK) and their early activation in genistein-induced LM cell proliferation, and explore the possibility that early interactions between ERa and IGF-IR, and activation of ERK might explain the increased proliferation observed in LM cells in response to low-dose genistein treatment, when compared with SMC.
Materials and Methods
Culture of human uterine LM and myometrial cells Human LM cells (GM10964; Coriell Institute for Medical Research, Camden, NJ, USA) and SMC (Clonetics Corporation, San Diego, CA, USA) were used for the experiments at passage 14 and were kept in a standard tissue culture incubator at 378C and 5% CO 2 . Both cell lines were cultured similarly as previously reported (Swartz et al., 2005) . The SMC were cultured using a Smooth Muscle Cell Growth Media System (SmGM-2 BulletKit w ; Clonetics). Twenty-four hours prior to the treatment of both cell lines with either the vehicle control, containing 0.3% dimethylsulfoxide (DMSO) (Sigma Chemical Company, St Louis, MO, USA) or 1 mg/ml genistein (4 0 , 5, 7-trihydroxyisoflavone; Sigma), the media were changed to Dulbecco's modified Eagle's medium/nutrient mixture F-12 Ham (DMEM/F-12) (Hyclone Laboratories, Logan, UT, USA) phenol red-free with 10% charcoal dextran treated fetal bovine serum (FBS) (Sigma).
Transient transfection assays LM cells and SMC were plated on 12-well tissue-culture plates (Corning Incorporated, Corning, NY, USA) at 70% confluency. The medium was replaced with DMEM/F-12 without phenol red, containing 10% charcoal-stripped FBS (Sigma) for at least 24 h before transfection. In a standard transfection, 0.5 mg of the reporter plasmid, 3Â-Vit-ERE-TATA-Luc, which contains three copies of the vitellogenin estrogen response element (ERE) in the pGL2-TATA-Inr plasmid (a gift from Dr. McDonnell, Duke University Medical Center, Durham, NC, USA) and 10 ng of the pRL-CMV Renilla luciferase normalization vector (Promega Corporation, Madison, WI, USA) were used for each well, with 3 ml FuGENE 6 Transfection Reagent (Roche Diagnostics, Indianapolis, IN, USA). The medium was changed 8 h after transfection, and both cell lines were treated with phenol red-free DMEM/F-12 containing 10% charcoal-stripped fetal calf serum in the presence or absence of 1 mg/ml genistein, or 10 nM E 2 (Sigma) for 48 h. The anti-estrogen ICI 182,780 (AstraZeneca, Wilmington, DE, USA) and the MAPK/ERK kinase (MEK) inhibitor, PD 98059 (Calbiochem, San Diego, CA, USA) were used at a concentration of 1 and 10 mM, respectively. Luciferase assays were performed using the dual-luciferase reporter assay system (Promega) according to the manufacturer's protocols. A vehicle control of 0.3% DMSO and a control of PD 98059 at 10 mM were included for each set. Each value was normalized to the Renilla luciferase control, and each data point generated represented the average of duplicate determinations. All experiments were repeated a minimum of three times, and reproducible results were obtained in independent experiments.
RNA isolation
After the treatment of LM cells and SMC with either the vehicle control or 1 mg/ml genistein for 24 h, total RNA was extracted LMSMC using a Rneasy MidiKit (QIAGEN, Valencia, CA, USA), as suggested by the manufacturer. The RNA concentrations were determined spectrophotometrically, and the quality of the RNA was checked on a formaldehyde agarose gel.
Real-time RT-PCR Total RNA extracted from LM cells and SMC were reverse transcribed into cDNA in a final volume of 20 ml containing 1ÂPCR buffer II, 5.5 mM MgCl 2 , 2 mM deoxy-NTP, 8 U of ribonuclease inhibitor, 2.5 mM random hexamers, 25 U of murine leukemia virus reverse transcriptase, and 1 mg total RNA, according to the instructions of Applied Biosystems (Applied Biosystems, Foster City, CA, USA). PCR primers were designed with the Primer Express software package that accompanies the Applied Biosystems Model 7900 sequence detector (Perkin-Elmer Life Sciences, Foster City, CA, USA) and are listed in Supplementary Table 1. All reactions were carried out using an ABI Prism 7900 Sequence Detection System (Applied Biosystems) in 50 ml reaction mixture containing 100 ng cDNA template, 2.9 mM MgCl 2 , 1ÂSYBR Green PCR Master Mix (Applied Biosystems), 0.2 mM of each forward and reverse primer. The PCR conditions were set up as follows: after an incubation at 508C for 2 min and denaturing at 958C for 10 min, 40 cycles (958C for 30 s, 608C for 1 min). All PCR were performed twice in triplicate experiments, and the results were averaged. The averaged threshold cycle (C T ) values of the real-time PCR were used in subsequent calculations. To quantify transcripts of the genes precisely, we monitored glyceraldehyde-3-phosphate dehydrogenase (GAPDH) transcript as the internal quantitative control. Each sample was normalized by quantitation against its GAPDH content. The relative difference between control and genistein treatment was determined using the DDC T method as outlined in the Applied Biosystems protocol, and the results are presented as fold change above control.
Cell proliferation assay
Cell proliferation was determined using a colorimetric assay (CellTiter 96 R AQ ueous One Solution Cell Proliferation assay, Promega). LM cells were seeded into 96-well plates at 4 Â 10 3 cells per well, and cultured in phenol red-free DMEM/F-12 containing 10% charcoalstripped FBS for 24 h. Cells were treated either with vehicle, genistein or the inhibitors, 1 mM ICI 182,780 or 10 mM PD 98059 alone, or with genistein in combination with 1 mM ICI 182,780 or 10 mM PD 98059. Cell proliferation was determined according to the manufacturer's protocol at 24, 72 and 168 h. Spectrophotometric analysis was measured by using a microplate reader (Molecular Devices Corporation, Sunnyvale, CA, USA). The absorbance is directly proportional to the number of living cells present. The experiments were repeated three times, each with at least six replicates.
Western blotting analysis and immunoprecipitation LM cells and SMC were treated with genistein alone or genistein in combination with PD 98059 or ICI 182,780 for 5, 10 and 15 min. The control groups were treated with 0.3% DMSO. Protein expression levels were determined by western blot analysis as previously described (Swartz et al., 2005) . Briefly, protein lysates were obtained with a radioimmunoprecipitation assay (RIPA) buffer, and protein concentrations were determined by bicinchorinic acid assay (BCA) protein assay (Pierce Biochnology, Rockford, IL, USA). For western blotting, the membranes were blocked and probed overnight with a specific primary antibody: 1:1000 of phospho-MAPK P44/42 (Cell Signaling Technology, Beverly, MA, USA) or total MAPK P44/42 (Cell Signaling); 1:2000 of ERa (H-184, Santa Cruz); 1:1000 of IGF-IRb (Sc-713, Santa Cruz); 1:1000 of ERb (P168, CalBiochem); 1:1000 of phospho-ERa (Serine-118, Cell Signaling); 1:200 of Src homology/collagen (Shc) (Sc-967; Santa Cruz); and 1:1000 of phospho-Shc (Cell Signaling). Blots were stripped using Western Reprobe (G-Biosciences, St Louis, MO, USA) and reprobed with a rabbit anti-hypoxanthine phosphoribosyl-transferase (anti-HPRT) antibody (1:300, Santa Cruz). HPRT served as a loading control. Densitometric analyses were performed using a densitometer (Fluor ChemTM 8900, Alpha Innotech, San Leandro, CA, USA). For immunoprecipitation studies, 0.5 mg of cell lysates from each treatment were incubated with 5 mg polyclonal anti-IGF-IRb antibody (C-20; Santa Cruz) overnight at 48C, followed by capturing the immunocomplex by adding 50 ml of 50% slurry protein-A Sepharose beads (Life Technologies Inc., Gaithersburg, MD, USA) for 1 h at 48C. The proteins were eluted from the beads and analyzed on 10% SDS-polyacrylamide gels, then blotted with ERa and IGF-IRb antibodies.
Statistical analysis
The experiments for transient transfection, real-time RT-PCR, cell proliferation, western blot analysis and immunoprecipitation assays were repeated on at least three independent occasions. The data obtained from transient transfection, real-time RT-PCR and cell proliferation assays were expressed as mean + SEM, and the data obtained from western blot analysis and immunoprecipitation assays were expressed as mean + SD. Statistical analysis was performed using one-way analysis of variance (ANOVA) with Dunnett's multiple comparisons test and Newman-Keuls test, respectively. A probability level of P , 0.05 was considered as statistically significant.
Results

ER transactivation by genistein in LM cells and SMC
To determine whether genistein is able to directly activate gene transcription of a classical estrogen-responsive promoter element (the vitellogenin ERE) in LM cells and SMC, both cell types were transiently transfected with a firefly luciferase reporter gene driven by three vitellogenin EREs. Transient transfection was performed and activation of luciferase transcription was measured by using the dual-luciferase reporter assay after LM cells and SMC were treated with vehicle, E 2 , genistein or 10 mM PD 98059 alone, or with genistein in the presence of 1 mM ICI 182,780 or 10 mM PD 98059 for 48 h. As shown in Fig. 1 , transcriptional activation of endogenous ER was induced by E 2 and genistein in LM cells and SMC. The transcriptional activation of ER was higher in LM cells than that in SMC when compared with controls. The transactivational potential of genistein at approximately 4 mM (1 mg/ml) was found to be equivalent to E 2 (10 nM) in both LM cells and SMC. However, in the presence of ER antagonist, ICI 182,780, the transactivational potential of genistein was completely blocked in both cell lines (Fig. 1) , demonstrating LM cells and SMC were transfected with pRL-CMV normalization plasmid and 3Â-Vit-ERE-TATA-Luc reporter plasmid. Following transfection, cells were treated with 0.3% DMSO (Control), 10 nM E 2 , 1 mg/ml of genistein (Gen) and 10 mM PD 98059 (PD), or Gen in combination with 1 mM ICI 182,780 (ICIþGen) or 10 mM PD 98059 (PDþGen) in phenol red-free DMEM/F-12 containing 10% charcoal-stripped fetal calf serum for 48 h. Luciferase assays were performed by using the dual-luciferase reporter assay. Each value was normalized to the internal luciferase control, and fold activation was calculated by dividing values by the vehicle control (set at 1). All experiments were repeated at least three independent times with duplicate samples, and the values represent the mean + SEM and the average coefficient of variance for each value is ,10%. a, b or c, groups which are statistically different (P , 0.05).
that the transactivational potential of genistein is dependent on ER. When LM cells and SMC were treated with a MEK inhibitor, PD98059 alone, the transactivational activity was not increased or decreased in either cell type, suggesting that PD98059 has no effect on ER transactivational activity. Interestingly, in the presence of PD98059, the transactivational potential of genistein was significantly inhibited in LM cells, but not in SMC (Fig. 1) , suggesting that MAPK/ERK signaling might be activated in the presence of genistein, leading to elevated ER transactivational activity in LM cells.
Up-regulation of estrogen-responsive genes by genistein in LM cells
Relative mRNA expression of estrogen-responsive genes, PR, IGF-I and A-myb genes was determined by real-time RT -PCR in LM cells and SMC treated with genistein for 24 h (Fig. 2) . The mRNA expression of IGF-I and PR was significantly increased (3.5-and 2.5-fold changes, respectively) in genistein-treated compared with vehicle-treated LM cells, whereas the mRNA expression of IGF-I and PR was not increased in genistein-treated SMC (Fig. 2) . However, no statistically significant changes of mRNA expression of A-myb were found in either cell line following genistein treatment.
Effects of genistein on expression of ERs in LM cells and SMC
It has been reported that two ER subtypes, ERa and ERb are differentially expressed between LMs and myometrium (Kovacs et al., 2001; Jakimiuk et al., 2004) . Therefore, we investigated whether ERa and ERb were differently affected by genistein in LM cells and SMC. Using real-time RT -PCR, we found that the mRNA expression of ERa and ERb was not significantly changed in both LM cells and SMC following vehicle-or genistein-treatment for 24 h (Fig. 3A) . At the protein level, we found that when LM cells and SMC were cultured in phenol red-free DMEM/F-12 containing 10% charcoal-stripped FBS for 24 h, the protein expression of ERa and ERb showed similar basal expression levels for each receptor type for the two cell lines (Fig. 3B) . However, when LM cells and SMC were treated with genistein, ERa and ERb protein levels were differentially expressed in these cells. We found that in the LM cells, ERa protein expression levels tended to decrease, and reached statistical significance by 24 h compared with control (P , 0.05) (Fig. 3C) . Moreover, it was found that the protein expression of ERa was increased by 72 and 168 h in the LM cells following genistein treatment, compared to ERa protein expression at 24 h (P , 0.05). However, ERb protein levels remained unchanged in genistein-treated LM cells (Fig. 3C ). In SMC, we found that the protein expression levels of ERa and ERb were not changed in the presence of genistein (Fig. 3D) , suggesting that the protein expression of ERa and ERb were less effected by genistein in SMC.
Activation of ERK/MAPK, ERa and Shc by genistein in LM cells
The influence of the MAPK/ERK signaling pathway on ER transactivation in LM cells but not SMC was tested by activation of P44/42 MAPK (ERK1/2) in both cell lines using western blotting. After genistein treatment, phosphorylation of P44/42 MAPK was increased in LM cells, and the increase was observed as early as 5 min, with robust activity around 10-15 min, returning to approximate basal levels by 30 min and remaining at 24, 72 and 168 h, when compared with vehicle-treated control (Fig. 4A) . We chose the 10 min time point to evaluate whether the phosphorylation of P44/42 MAPK is associated with the phosphorylation of ERa in LM cells. LM cells were treated with the estrogen antagonist ICI 182,780 or with a MEK inhibitor PD98059, either alone or in the presence of genistein for 10 min. The phosphorylation of P44/42 MAPK was significantly increased only in the presence of genistein alone at 10 min, and did not occur in the presence of PD98059 and ICI 182,780 (Fig. 4B) . Phosphorylation of ERa was also increased by genistein at 10 min in LM cells, and this effect was partially inhibited by ICI 182,780 and PD98059. Also, PD, but not ICI, alone had no effect on ERa phosphorylation, although they both inhibited phosphorylated P44/42 MAPK activity. Since the Shc proteins contain specific tyrosine phosphorylation sites necessary for their association with Grb2 and the subsequent activation of the downstream GTP-binding protein RAS (Pelicci et al., 1992; Sasaoka et al., 1994) , which results in the dual phosphorylation of the ERK1 and ERK2 (P44/42) MAPK (Lamphere and Lienhard, 1992) , we determined the phosphorylation status of Shc in the LM cells. We found that genistein activated Shc at early time points from 5 to 30 min in LM cells (Fig. 4C ), suggesting Real-time PCR measurement of selected estrogenresponsive genes expressed in human uterine LM cells and human uterine SMC treated with 0.3% DMSO (Control) or 1 mg/ml of genistein (Gen) in phenol red-free DMEM/F-12 containing 10% charcoal-stripped fetal calf serum for 24 h. The relative mRNA expression levels of PR, IGF-I and A-myb in LM cells and SMC were determined by using DDC T method as described in Materials and Methods. All experiments were repeated at least three independent times with duplicate samples. Fold changes were calculated by dividing values on the y-axis with the vehicle control (set at 1). Results are presented as mean + SEM (n ¼ 3). a and b, statistical differences between LM cells and SMC (P , 0.05). *P , 0.05 versus control. that the upstream targets of genistein might transduct signaling to Shc to activate P44/42 MAPK. To determine if the changes in phosphorylation status of P44/42 MAPK under genistein treatment occurs in SMC, SMC were exposed to genistein in a time course manner similar to the genistein treatment of LM cell (Fig. 4D) .
Interactions between ERa and IGF-IR induced by genistein in LM cells
To define the early events involved in genistein-induced phosphorylation of Shc and P44/42 MAPK in LM cells, protein -protein interactions between ERa and IGF-IR were examined at early time points after genistein treatment by using immunoprecipitation. As shown in Fig. 5 , interactions between ERa and IGF-IR were demonstrated when LM cells were treated with genistein at early time points, and the interactions of ERa and IGF-IR were significantly increased at 10 and 15 min as evidenced by densitometric analysis of data. However, in the presence of estrogen antagonist, ICI 182,780, the association between ERa and IGF-IR was inhibited (Fig. 5) . Moreover, at these time points, the protein expression of IGF-IR was not changed in the presence of either genistein or ICI 182,780.
Effects of genistein on ER and ERK1/2 MAPK signaling pathways in LM cell proliferation To demonstrate that both ER and ERK1/2 MAPK signaling pathways are involved in genistein-induced LM cells proliferation, selective inhibitors, ICI 182,780 and PD98059 were used in cell proliferation assays. As shown in Fig. 6 , in the presence of PD98059 and ICI 182,780, the stimulatory effect of a low concentration of genistein on the growth of LM cells was significantly inhibited at 24, 72 and 168 h (P , 0.05). Moreover, when LM cells were treated with PD98059 or ICI 182,780 alone, LM proliferation was inhibited compared with control, and the inhibitory effect of PD98059 was more potent than that of ICI 182,780 at 24, 72 and 168 h (P , 0.05). Importantly, PD98059 significantly (P , 0.05) inhibited genisteinstimulated proliferation of LM cells at 72 and 168 h compared with ICI 182,780, suggesting that even though the proliferation of LM cells is believed to be estrogen-dependent, activation of ERK1/2 MAPK signaling pathway may be important for proliferation LM and may enhance transactivational activity of ERa by phosphorylation of ER serine sites.
Discussion
Genistein is known to exhibit estrogenic properties in both in vivo and in vitro studies. Growth-stimulatory effects of genistein at low concentrations (,1 mM) have been reported in several cell types, including human breast cancer cells ( Interactions between ERa and IGF-IR were determined by using immunoprecipitation (IP) as described in Materials and Methods. LM cells were treated with 0.3% DMSO (Control) at 0 min, or 1 mg/ml of Gen at 5, 10 and 15 min, or 1 mM ICI 182,780 (ICI) for 10 min, or Gen in combination with 1 mM ICI 182,780 (ICIþGen) for 10 min. The blots presented are representative examples of experiments that were performed at least three times with repetitive results. Molecular weight markers are indicated on the right of the blot. The histograms indicated below are the quantitative representation after densitometry of data (mean + SD) (n ¼ 3) of three independent experiments. Values of ERa band densities in LM cells were divided by the vehicle control (set at 1), *P , 0.05 versus vehicle control containing 0.3% DMSO. **P , 0.05 versus Gen-treated at 10 min. Figure 6 : Effects of genistein (Gen) on human uterine LM cell proliferation. Cell proliferation assays were performed as described in Materials and Methods. LM cells were treated with vehicle (control), 1 mM ICI 182,780 (ICI), 10 mM PD 98 059 (PD) and 1 mg/ml of Gen alone, or Gen in combination with 1 mM ICI 182,780 (ICIþGen) or 10 mM PD 98 059 (PDþGen) for 24, 72 and 168 h, and then cell proliferation was assessed. All experiments were repeated at least four independent times with six samples. Cell proliferation ratios were calculated by dividing absorbance values on the y-axis with the vehicle control (set at 1). Results are presented as mean + SEM (n ¼ 4). a, b and c indicate groups which are statistically different (P , 0.05).
and Eker rat uterine LM (ELT3) cells (Hunter et al., 1999) . Interestingly, data from earlier studies in our laboratory show that low concentrations ( 1 mg/ml) of genistein have a stimulatory effect on human LM cells, but not SMC (Moore et al., 2007) . The growth advantage and elevated transcriptional activity in response to estrogenic compounds in uterine LM cells have been reported in former studies (van der Ven et al., 1994; Andersen et al., 1995) ; however, no study has yet proposed a mechanism for the differences in estrogenic responses between LM cells and SMC in a comprehensive manner. In the present study, we report a mechanism that might contribute to the hyper-responsiveness of LM cells to estrogens versus SMC in the presence of 1 mg/ml of genistein.
Transactivation assays have contributed much to the characterization of compounds with estrogen-like activity. Most of the information currently available on the transcriptional activities of genistein through ERs has been derived from transactivational studies on synthetic estrogen-responsive reporters (Kuiper et al., 1998; Hall and Korach, 2002; Jefferson et al., 2002; Mueller et al., 2004) . In the present study, using a specific reporter with three copies of the vitellogenin A consensus ERE (3ÂERE), which enables the detection of very weak xenoestrogens that may lack measurable activity on natural and single EREs (Norris et al., 1997; Hall and McDonnell, 1999; Hall et al., 2000) , we analysed transcriptional activities of genistein in both cell lines. Consistent with the weak estrogenic effects of genistein that have been characterized in several mammalian cell types by ER binding affinity and transactivation assays (Kuiper et al., 1998; Hall and Korach, 2002; Jefferson et al., 2002; Mueller et al., 2004) , it is notable that genistein showed similar transactivational potencies to E 2 in LM cells and SMC, respectively, at a concentration (1 mg/ ml % 3.7 mM) nearly 400 times greater than that of E 2 (10 nM). It was reported that ER initiates transcriptional activation upon binding of a ligand (Klein-Hitpass et al., 1986) , and the transcriptional activity of liganded ER can also be supplemented or augmented by the cytoplasmic signaling pathway, MAPK pathway (Kato et al., 1995; Driggers and Segars, 2002; Segars and Driggers, 2002; Levin, 2005) . The inhibitory effect of PD98059 on genistein-induced transactivation in LM cells suggests that the cytoplasmic signaling pathway, MAPK, might be involved in enhancing ER transactivation activity in LM cells. In addition, genistein also induced ER transactivation in SMC, suggesting that ER in SMC also initiates transcriptional activation after genistein treatment. However, when we analysed the antagonistic or synergistic activity of genistein by co-incubating cells with genistein and E 2 , no inhibitory or additive effect was found on ER transactivation in either cell line (data not shown).
Up-regulation by genistein of endogenous estrogenresponsive genes, PR or IGF-I, have been reported in Eker rat uterine LM cells (Hunter et al., 1999) , and in human LM cells by E 2 (Swartz et al., 2005) . We confirmed the elevated 'estrogenic' effects of genistein in LM cells compared to SMC. Since IGF-I is important in the growth of LMs (van der Ven et al., 1994; Strawn et al., 1995; Dixon et al., 2000; Englund et al., 2000; Gao et al., 2001) , the increased expression of mRNA IGF-I in genistein-treated LM cells might act as a feedback mechanism directly impacting on the function of growth factor receptors, leading to cell proliferation. Although Swartz et al. (2005) found a significant increase in the mRNA and protein expression of A-myb in E 2 -treated LM cells, in the present study the increase in mRNA expression of A-myb was not significant in genisteintreated LM cells. This might be due to the regulation of A-myb expression in LM cells being more sensitive to potent estrogens, such as E 2 .
ERa and ERb, two isoforms of ER, are not functionally equivalent and play different roles in ER action in vitro and in vivo (Couse et al., 1999; Hall and McDonnell, 1999; Mueller et al., 2004) . The mRNA and protein expression of these ERs are still controversial in LMs and myometrium (Kovacs et al., 2001; Gargett et al., 2002; Jakimiuk et al., 2004) . Herein, we detected the mRNA and protein expression levels of ERa and ERb in both LM cells and SMC under our culture conditions in the absence or presence of genistein to assess whether ERa and ERb play different roles in these cell lines. The basal expression of ERa and ERb at both mRNA and protein levels is interesting, in that the mRNA expression patterns of ERa and ERb in LM cells and SMC are similar to results reported by Jakimiuk et al. (2004) , in which the mRNA expression levels of ERa and ERb were Gen binding with ERa in cytoplasm induces interactions between ERa and IGF-IR, leading to early phosphorylation of Shc (P-Shc) and mitogen activated protein kinase MAPK, which may then in turn lead to activation of ER at Ser sites resulting in enhanced ER transcriptional activity and up-regulation of IGF-I expression, thus resulting in a positive feedback regulatory mechanism and/or autocrine mechanism that stimulates LM cell proliferation.
found not to differ in tissue samples from premenopausal women. Because of a lack of good quality commercially available ERb antibody previously (Gargett et al., 2002) , for the first time, we have reported the protein expression of ERb in both LM and UtSMC cell types in vitro. At the protein level, our in vitro results indicate that the basal expression levels of ERa are consistent with the results from tissues examined during menopause, in which ERa expression was not significantly enhanced in human LM compared to adjacent myometrium (Kovacs et al., 2001) . However, in contrast to results that state protein expression levels of ERb are elevated in LMs in comparison to adjacent myometrium during menopause (Kovacs et al., 2001) , we found that the protein expression of ERb was similar between LM cells and SMC under our culture conditions. We thought the reason that we saw no differences in the basal protein expression levels of ERa and ERb might be due to the absence of exogenous estrogens in our culture system and this might represent a 'menopausal state'. Genistein was reported to preferentially bind to ERb and activation of ERb was reported to inhibit cellular proliferation (Paech et al., 1997; Kuiper et al., 1998) . The mRNA and protein expression levels of ERb did not change in either cell line after genistein treatment. This may reflect very low expression levels of ERb mRNA and protein in LM cells and SMC. Slight changes in ERb might be undetectable, resulting in no significant differences in either cell line. Although genistein can induce ER transactivation in SMC, the minor changes of the mRNA and protein expression of ERa after genistein treatment suggest that the ERa transcript is less regulated by genistein treatment in SMC, or that ERa expression might be affected by ERK1/2 MAPK signaling. Since ERa protein degradation represents a hallmark of ERa activation by an agonist (Santagati et al., 1997) , the decreased ERa protein expression in LM cells after genistein treatment suggests that more ERa was activated in LM cells compared to SMC, followed by degradation of the ERa protein that was subsequently reversed. This might represent a feedback mechanism of the regulation of ERa expression in LM cells. Although we showed that the mRNA expression of ERa was not changed significantly after genistein treatment at 24 h, additional studies showed that the mRNA expression of ERa was increased after 24 h up to 168 h in genistein-treated LM cells (data not shown).
Activation of the ERK1/2 (also referred to as P44/42) MAPK signaling pathway can phosphorylate ERa and leads to augmentation of the genomic effects of estrogen (Kato et al., 1995; Driggers and Segars, 2002) . E 2 and xenoestrogens were reported to activate a variety of kinases leading to the activation of ERK1/2 in vitro (Dos Santos et al., 2002; Bulayeva and Watson, 2004; Chambliss et al., 2005; Wozniak et al., 2005) , though the rapid and transient activation of the MAPK pathway was determined by E 2 -stimulation in quiescent LM cells (Barbarisi et al., 2001) . However, in the present study, we demonstrated that a low concentration of genistein-induced P44/42 MAPK activation in LM cells, but not in UtSMC, providing evidence for the elevated transactivational activity of genistein in LM cells. In several cell types, ERa was reported to be involved in the early activation of P44/42 MAPK by estrogens (Song et al., 2002; Bulayeva and Watson, 2004; Levin, 2005) . Activation of Shc, an early signaling intermediate of IGF-IR, is associated with ERamediated rapid P44/42 MAPK activation (Song et al., 2004) . Herein, the phosphorylation of Shc and ERa in LM cells at early time points suggests that the IGF-IR/MAPK/ERK signaling pathways might be activated early by genistein treatment. In addition, inhibition of the phosphorylation of P44/42 MAPK and ERa by both a MEK inhibitor and an ER antagonist highlights the importance of ERa in the rapid phosphorylation of P44/42 MAPK.
An increasing body of evidence suggests that IGF-IR is involved in the facilitation of ERa-mediated rapid E 2 action (Song et al., 2004; Levin, 2005) . Studies have shown that IGF-IR is over-expressed in LMs compared with matched myometrium . In this study, we demonstrated the existence of associations between IGF-IR and ERa, and suggest that this interaction might be important in the early activation of IGF-IR signaling after genistein treatment for a short period of time. Inhibition of the interaction between ERa and IGF-IR by ICI 182,780 suggests that the early interactions between ERa and IGF-IR might occur when ERa is bound with a ligand in LM cells. Although it was reported that ICI 182,780 decreases the mRNA expression level of IGF-IR (Huynh et al., 1996) , the protein expression of IGF-IR was not changed by genistein or ICI 182,780 in the present study (Fig. 5) . The difference may be due to the time of ICI 182,780 treatment of 10 min is shorter in our study. It was reported that IGF-I signaling pathway was involved in genistein-induced MCF-7 cell growth (Chen and Wong, 2004) . However, in our study, we reported the different effects of genistein, including induction of early interactions between ERa and IGF-IR in LM cells, leading to increased ER transcriptional activity.
In summary, our studies show the differential responses between LM cells and SMC after treatment with a low concentration of genistein. As is proposed in Fig. 7 , this mechanism would provide a novel explanation for the hyper-responsiveness of LM cells to a low dose of genistein, compared to SMC that we have previously reported (Moore et al., 2007) . Consistent with the previous findings in our laboratory, we provide further evidence that IGF-IR signaling pathway might play an important role in the growth of LM cells in response to estrogens and that interactions between the IGF-I receptor and ERa and their signaling pathways may also be involved. Further investigations are needed to fully elucidate the mechanism(s) involved and the biological significance of the interactions between ERa and IGF-IR in LM cells following exposure to genistein. 
